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FGF21 is a novel metabolic regulator involved in the control
of glucose homeostasis, insulin sensitivity, and ketogenesis. The
liver has been considered the main site of production and
release of FGF21 into the blood. Here, we show that, after ther-
mogenic activation, brown adipose tissue becomes a source of sys-
temicFGF21.This isduetoapowerfulcAMP-mediatedpathwayof
regulationofFGF21genetranscription.Norepinephrine,actingvia
�-adrenergic, cAMP-mediated, mechanisms and subsequent acti-
vation of protein kinase A and p38 MAPK, induces FGF21 gene
transcription and also FGF21 release in brown adipocytes. ATF2
binding to the FGF21 gene promoter mediates cAMP-dependent
inductionofFGF21gene transcription.FGF21releasebybrown fat
in vivowasassesseddirectlybyanalyzingarteriovenousdifferences
in FGF21 concentration across interscapular brown fat, in combi-
nation with blood flow to brown adipose tissue and assessment of
FGF21half-life.This analysisdemonstrates that exposureof rats to
cold induced a marked release of FGF21 by brown fat in vivo, in
associationwith a reduction in systemic FGF21 half-life. The pres-
ent findings leadtotherecognitionofanovelpathwayof regulation
the FGF21 gene and an endocrine role of brown fat, as a source of
FGF21 thatmaybeespecially relevant inconditionsof activationof
thermogenic activity.

Fibroblast growth factor 21 (FGF21) is a metabolic regulator
involved in the control of glucose homeostasis, insulin sensitiv-
ity, and ketogenesis (1–4). Treatment with FGF21 corrects
metabolic disturbances such as hyperglycemia and insulin
resistance in rodent models of obesity and diabetes (1, 5–7). It
also has been reported that FGF21 exerts autocrine and para-
crine actions on livers that promote ketogenesis (2–4). Two
recent studies in FGF21 gene-ablated mice have demonstrated
that FGF21 is required for the physiological response ofmice to
fasting and to ketogenic diets (8, 9), although a third study did
not confirm these observations (10). Moreover, FGF21 favors
glucose utilization in white adipose tissue (WAT),2 and there

are conflicting data on to whether FGF21 activates or does not
activate lipolysis in white fat (3, 10, 11). Recently, FGF21 has
been reported to promote thermogenic activity in neonatal
brown adipose tissue (BAT) and in isolated brown adipocytes
(12); there are indications that FGF21 may also promote BAT
thermogenic activation in adult mice (1, 6, 7).
The liver is considered themainsiteofproductionandreleaseof

FGF21 into the blood. Expression of the FGF21 gene in the liver is
under the control of PPAR�, and fatty acid availability, acting via
PPAR�, seems to be themain determinant of hepatic FGF21 gene
expression and release (2, 3, 12, 13). Extra-hepatic tissues, includ-
ing white and brown adipose tissues and skeletal muscle, also
express the FGF21 gene (14), and PPAR� activation has been
reported to induceFGF21geneexpression inwhite adipocytes (14,
15). On the basis of cell culture studies, muscle cells have been
proposed to be capable of releasing FGF21 (16).
BAT is the main site of nonshivering thermogenesis in rodents

and human neonates, and recent data indicate a role for BAT in
adult humans (17). BAT is an active site of glucose and lipid con-
sumption, especially when thermogenic activation requires high
metabolic fuel oxidation to sustain heat production.
In the present study, we have shown that BAT, in addition to

being an FGF21 target, responds to thermogenic activation by
producing FGF21 and is thus a major source of FGF21. This
response is mediated by a powerful cAMP-mediated pathway,
which regulates FGF21 gene transcription in response to nora-
drenergic stimulation.

EXPERIMENTAL PROCEDURES

Animals, Determination of FGF21 Output by BAT, and
FGF21 Half-life—Mice and rats were cared for and used in
accordance with European Community Council Directive
86/609/EEC. Swiss adult male mice, as well as adult male
PPAR�-null mice (129S4/SvJae-Pparatm1Gonz/J) and their
wild-type adult littermates (controls), were used for cold-expo-
sure experiments. Where indicated, mice were exposed to a
4 °C environment temperature for 6 h, 24 h, or 30 days or kept at
29 °C (thermoneutral control). Mice were killed by decapita-
tion. Interscapular BAT, epididymal WAT, and liver were dis-
sected and frozen in liquid nitrogen. Plasma was obtained after
the centrifugation of heparinized blood. FGF21 output was
directly assessed bymeasuring arteriovenous differences across
the interscapular BAT of rats, following methods described
previously (18). Briefly, maleWistar rats that had been kept for
3 weeks at 29 °C (thermoneutral control) environment temper-
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ature or were exposed to 4 °C for 24 h or 30 days were anesthe-
tized with sodium barbital (50 mg/kg body weight, intraperito-
neally). For each rat, 150–200 �l of blood was obtained from
the Sulzer’s vein, which drains blood flowing through inter-
scapular BAT, and from the abdominal aorta. Blood samples
were centrifuged to obtain plasma and hematocrit was deter-
mined. BAT subsequently was frozen in liquid nitrogen. Blood
flow to interscapular BAT was measured using 46Sc-labeled
microspheres (mean diameter of 15 �m, PerkinElmer Life Sci-
ences) essentially as described previously (19, 20). Blood flow
rates was used to calculate the total FGF21 output, defined as
the product of the individual arteriovenous differences for
blood flow for each experimental group, corrected for the per-
centage of plasma in total blood established from the hemato-
crit data. FGF21 half-life was determined from the curves of
decay of mouse 125I-FGF21 in plasma from rats in the three
conditions of temperature environment using the WinNonlin
software tool (Pharsight). Male Wistar rats (50–60 days old)
were injected intraperitoneally with 1�Ci of 125I-FGF21 (Phoe-
nix Pharmaceuticals)/rat dissolved in 500 �l of saline. Blood
samples (40 �l) were obtained via direct puncture of the saphe-
nous vein at 30min, 1 h, 2 h, 3 h, 6 h, 9 h, and 12 h after injection.
Plasma was prepared, and protein was precipitated by addition
of tricholoroacetic acid (one-tenth of the plasma volume of 1:1
(w/v) trichloroacetic acid). Radioactivity in the precipitate was
counted using a �-counter (Packard Cobra II). FGF21 protein
levels in mouse and rat plasma, as well as in brown adipocyte
and HIB-1B cell culture medium, were determined by ELISA
(Phoenix Secretomics).
Cell Culture andTreatments—Brown adipocyteswere differ-

entiated in primary culture as reported previously (21). On the
eighth day of cell culture, when brown adipocytes had maxi-
mally differentiated, cells were treated,when indicated,with 0.5
�Mnorepinephrine, 1mM dibutyryl cAMP, 1�M isoproterenol,
20 �M H89, 10 �M SB202190, 10 �M propanolol, 10 �M prazo-
sin, 1 �M GW7647, 10 �M rosiglitazone, 30 �M GW9662, or 10
�M GW6471, as indicated. For knockdown of gene expression
of ATF2, siRNA duplex specific for mouse ATF2 (catalog no.
sc-29756, Santa Cruz Biotechnology) were transfected to
mouse brown adipocytes using transfection reagent (catalog
no. sc-29528, SantaCruz Biotechnology) and following the pro-
cedures indicated by the supplier.
RNA Isolation and Real-time Quantitative PCR—RNA from

tissues and cells was extracted using the RNeasy kit (Qiagen),
and the levels of FGF21 mRNA were determined by quantita-
tive RT-PCR using the corresponding TaqMan Assay-on-de-
mand probes for the mouse (Mm00840165) and rat
(Rn00590706) FGF21 transcripts and the ABI/Prism 7500
Sequence Detector System (Applied Biosystems). Each sample
was run in duplicate, and the mean value of the duplicate was
normalized to that of the 18 S rRNAgene using the comparative
(2��CT) method.
Plasmid Constructs and Transient Transfection—The plas-

mid �1497-FGF21-Luc, containing a DNA fragment corre-
sponding to �1497 to �5 in the 5� region of the mouse FGF21
gene linked to the luciferase reporter gene, was a kind gift from
D. Mangelsdorf and S. Kliewer (3). The �1497-CREmut-
FGF21-Luc point mutant construct was generated using a

QuikChange site-directed mutagenesis kit (Stratagene). The
complementary oligonucleotide harboring the desired muta-
tion contained the sequenceAGA instead of CGCat site�69 to
�72 and TCT instead of GTC at site �66 to �68 in the FGF21
gene 5� region (Fig. 5A). Transfection experiments were carried
out in theHIB-1B, BAT-derived cell line and using the FuGENE
transfection reagent (Roche Diagnostics). Transfections con-
tained 0.3 �g/well of luciferase plasmid, and each transfection
condition was assayed in triplicate in a 24-well plate. Where
indicated, expression plasmids for a constitutively active form
of protein kinase A (PKA; 22), a constitutively active form of
MMK6 (MKK6-Glu, Addgene plasmid 13518), and a domi-
nant-negative form of MKK6 (MKK6-K82A, Addgene plasmid
13519) (23) were co-transfected (0.06 �g/well). The pRL-CMV
expression plasmid for the sea pansy (Renilla reniformis) lucif-
erase (1.2 ng/well) was used as an internal transfection control
(Promega). Cells were incubated for 48 h after transfection, and
where indicated, they were treated with 1 mM dibutyryl cAMP
for 24 h before harvesting. Firefly luciferase and Renilla lucifer-
ase activities were measured in a Turner Designs luminometer
(TD 20/20) using the Dual-Luciferase Reporter Assay system
(Promega, Madison, WI). Luciferase activity elicited by FGF21
promoter constructs was normalized for variation in transfec-
tion efficiency using Renilla luciferase as an internal standard.
Chromatin Immunoprecipitation Assays—Chromatin im-

munoprecipitation in brown adipocytes and HIB-1B cells was
performed using the Magna Chip kit (Millipore). HIB-1B cells
were transfected with �1497-FGF21-Luc or �1497-CRE mut
FGF21-Luc. ChIP assay in BAT was performed as described
(24). Chromatin samples were immunoprecipitated with an
anti-ATF2 antibody (20F1), an anti-cAMP response element
binding protein (CREB) antibody (48H2) (Cell Signaling), or
unrelated immunoglobulin (Santa Cruz Biotechnology). Input
DNA and immunoprecipitated DNA were analyzed by quanti-
tative PCR using SYBR Green fluorescent dye. The protein-
bound DNA was calculated as a ratio to input DNA. Bound
fragments were amplified by PCR (35 cycles of 30 s at 95 °C, 30 s
at 60 °C, and 30 s at 72 °C) and visualized electrophoresing on
a 2% agarose gel with ethidium bromide staining. Primers
sequences used for amplifying a 126-bp fragment encom-
passing the putative cAMP-responsive elements (CRE) in
the FGF21 gene were 5�-CATTGCATCATCCGTCCA-3�
(forward) and 5�-CCCAGAATTTATACCCAGACAGG-3�
(reverse).
Statistical Analysis—A Student’s t test was used to test the

level of significance of the differences between means and to
test whether arteriovenous differenceswere significantly differ-
ent from zero. Pearson’s correlation data were determined
where indicated.

RESULTS

Thermogenic Activation Increases Plasma FGF21 Levels and
Induces FGF21 Gene Expression in BAT through PPAR�-inde-
pendent Mechanisms—Exposure of Swiss mice to a 4 °C envi-
ronment for 6 or 24 h caused a marked increase (�40-fold) in
FGF21 mRNA levels in BAT (Fig. 1A). Chronic acclimation to
4 °C over 30 days also resulted in a significantly induction of
FGF21 mRNA. In contrast, FGF21 mRNA levels were not
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increased significantly in the livers of mice acutely exposed to
cold andwere even reduced inmice acclimated to cold during a
30-day exposure (Table 1). In WAT, cold exposure caused a
modest increase in FGF21 mRNA levels only in 24-h cold-ex-
posedmice (see Table 1). Thus, whereas FGF21mRNA levels in
BAT with suppressed thermogenic activity (thermoneutral)
were lower than in liver and WAT, after thermogenic activa-
tion, BAT shows the highest levels of FGF21mRNAexpression.
Plasma levels of FGF21 in mice were not modified significantly
after a 6-h cold exposure but were increased after a 24-h cold
exposure and more markedly increased after a 30-day cold-
acclimation period (Fig. 1B). To determine whether cold-de-
pendent induction of the FGF21 gene expression in BAT
requires PPAR�, a major controller of FGF21 gene expression
that is highly expressed in BAT (25), we performed parallel
experiments in PPAR�-null mice and wild-type littermates

(Fig. 1C). FGF21 mRNA was significantly induced in wild-type
mice although to a lower extent respect to Swiss mice. The
induction of FGF21 mRNA levels by cold exposure was similar
in the presence and absence of PPAR�.
Norepinephrine and cAMP Increase FGF21 Gene expression

and FGF21 Release by Brown Adipocytes—To gain insight into
the mechanisms that mediate the induction of FGF21 gene
expression in response to cold, we studied differentiated brown
adipocytes in culture. Norepinephrine, the main mediator of
cold-induced thermogenic activation of BAT (25), caused a
marked increase in FGF21 mRNA levels (Fig. 2A, left). The
�-adrenergic activator isoproterenol caused a similar induc-
tion, and the same response was observed in brown adipocytes
treated with dibutyryl cAMP (Fig. 2A, left). The induction of
FGF21 gene expression by norepinephrine or cAMP in brown
adipocytes led to a significant increase in the release of FGF21
protein into the cell culture medium (Fig. 2A, right).
The time course of the norepinephrine effects revealed a

rapid and powerful induction after a few hours of treatment
(Fig. 2B). Norepinephrine-induced FGF21 gene expression was
dependent on active transcription, as there were no effects of
norepinephrine on FGF21 mRNA levels when brown adi-
pocytes were treated with actinomycin D (Fig. 2B). However,
the effect of norepinephrine did not require protein synthesis
because norepinephrine caused a significant induction of
FGF21 mRNA levels in the presence of the protein synthesis
inhibitor cycloheximide (Fig. 2B).
Treatment of cells with propanolol, a �-adrenergic antago-

nist, suppressed the effects of norepinephrine on FGF21 gene
expression whereas prazosin, an�-adrenergic inhibitor, had no
effect (Fig. 2C). H89, a specific inhibitor of PKA, suppressed the
induction of FGF21 gene expression by norepinephrine.
SB202190, an inhibitor of p38MAPK, also blocked the action of
norepinephrine on FGF21 gene expression.

To further investigate the potential role of PPAR� in the
action of norepinephrine, we performed parallel experiments
using primary cultures of brown adipocytes derived from
PPAR�-null mice. Acquisition of a differentiated brown adi-
pocyte morphology was unaltered in PPAR�-null brown adi-
pocytes, andexpressionofbrownadipocytedifferentiationmarker
genes was also unchanged, in accordance with previous reports
(26) (data not shown). Norepinephrine induced a similar increase
in FGF21 mRNA levels in wild-type and PPAR�-null brown adi-
pocytes. Predictably, FGF21 gene expression was induced by the
specific PPAR� activator GW7647 in wild-type brown adipocytes
but not in PPAR�-null brown adipocytes (Fig. 3A).

A parallel approach using specific antagonists was used to
investigate a potential role for PPAR� and PPAR� in norepi-

FIGURE 1. Cold exposure induces FGF21 mRNA expression in BAT and
increases plasma FGF21 levels in mice and effects of PPAR� gene inval-
idation. Effects of exposure of Swiss mice (A and B), or PPAR�-null mice and
wild-type littermates (C), to 4 °C. Results are means � S.E. of five to nine mice/
group. Statistically significant differences between mice at a thermoneutral
temperature (control) and cold-exposed mice for each genotype are shown
as *, p � 0.05 and **, p � 0.01. NS, indicates nonsignificant differences
between the bars indicated by brackets.

TABLE 1
FGF21 mRNA levels in BAT, liver, and WAT from Swiss mice exposed to a 4 °C environment temperature during the indicated time
Results are expressed as FGF21 mRNA levels relative to 18 S rRNA � 10�6 (see “Experimental Procedures”). The effects due to cold exposure are also shown as the
fold-change respect to FGF21 mRNA levels in control mice at thermoneutral temperature. Data are means � S.E. from five to nine mice/group. Statistically significant
differences respect to controls in each tissue are indicated as *, p � 0.05 and **, p � 0.01, and those between tissues in the same environment temperature condition are
indicated as #, p � 0.05.

BAT Liver WAT

Thermoneutral (29 °C) 0.4 � 0.1 8.6 � 3.0# 3.9 � 0.9#
4 °C for 6 h 16.8 � 3.3 (� 40-fold)** 9.5 � 4.3 (� 1.1-fold) 11.7 � 3.1 (� 3-fold)
4 °C for 24 h 10.4 � 2.0 (� 26-fold)** 23.3 � 11.2 (� 2.7-fold) 31.9 � 8.6 (� 8.2-fold)*
4 °C for 30 days 18.8 � 5.2 (� 47-fold)* 2.6 � 0.17 (� 0.3-fold)*,# 1.5 � 0.2 (� 0.4-fold)#
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nephrine effects. Neither the PPAR� antagonist GW6471 nor
the PPAR� antagonist GW9662 significantly attenuated the
effect of norepinephrine on FGF21 gene expression (Fig. 3B).
However, activation of PPAR� or PPAR� with GW7647 or
rosiglitazone, respectively, increased FGF21 mRNA levels. As
expected, specific PPAR� andPPAR� inhibitors suppressed the
induction in FGF21 mRNA levels elicited by PPAR� and
PPAR� specific activators.
Collectively, these results indicate that norepinephrine acts

through �-adrenergic receptors to increase cAMP levels, caus-
ing cAMP-mediated activation of PKA and p38 MAP kinase
pathways and inducing FGF21 gene expression. Although the
FGF21 gene is sensitive to PPAR�- and PPAR�-dependent acti-
vation in brown adipocytes, these nuclear receptors are not
required for the action of norepinephrine.
FGF21 Gene Transcription Is Activated through a cAMP-re-

sponsive, ATF2-binding Element in FGF21 Gene Promoter—To
investigate the mechanisms that regulate FGF21 gene tran-
scription, we used cells of the brown adipocyte-derived cell line

FIGURE 2. Effects of a noradrenergic stimulus on FGF21 mRNA expression
and FGF21 release by brown adipocytes. A, differentiated brown adipocytes in
culture were treated with norepinephrine (NE), isoproterenol (Iso), or dibutyryl
cAMP (cAMP). Cells were harvested 6 h later (A, left). Cell culture medium was
collected 24 h after treatments (A, right). Data are means � S.E. of relative FGF21
mRNA levels or FGF21 protein in the cell culture medium. Statistically significant
differences between the effects of drugs and vehicle control (C, control) are
denoted by an asterisk (p � 0.05). B, differentiated brown adipocytes in culture
were treated with norepinephrine, and cells were harvested at the indicated
times thereafter. Where indicated, 50 �M cycloheximide (CHX) or 1 �M actinomy-
cin D (ActD) were added to the cell cultures. Cells were harvested 6 h later. Data
are means � S.E. of relative FGF21 mRNA levels. Statistically significant differ-
ences (p � 0.05) between norepinephrine-treated and untreated cells at each
time after addition of NE (0 h) are denoted by an asterisk (p � 0.05), and those
between actinomycin D � norepinephrine or cycloheximide � norepinephrine
and norepinephrine treatment alone are denoted by # (p � 0.05). C, effects of
the adrenergic inhibitors (propanolol and prazosin), the PKA inhibitor (H89), and
the p38 MAPK inhibitor (SB202190) on the induction of FGF21 mRNA by norepi-
nephrine. Differentiated brown adipocytes in culture were treated with norepi-
nephrine and the indicated inhibitors for 6 h (see “Experimental Procedures” for
concentration data). Data are means � S.E. of relative FGF21 mRNA levels. Statis-
tically significant differences between the effects of drugs and vehicle control (C,
control) are denoted by an asterisk (p � 0.05) and those between drugs � nor-
epinephrine and norepinephrine alone are denoted by # (p � 0.05). Data are
means � S.E. of four to five independent experiments done in duplicate.

FIGURE 3. Effects of PPAR� and PPAR� on noradrenergic activation of
FGF21 mRNA expression in brown adipocytes. A, differentiated brown adi-
pocytes from either wild-type or PPAR�-null mice were treated for 6 h with
norepinephrine (NE) or with PPAR� agonist GW7647 for 24 h. Error bars indi-
cate the means � S.E. of relative FGF21 mRNA levels. Significant differences
between nontreated cells for each genetic background respect each treat-
ment condition are denoted by an asterisk (p � 0.05), and those between
wild-type and PPAR�-null cells for each treatment condition are indicated
with # (p � 0.05). B, differentiated brown adipocytes in culture were treated
with norepinephrine for 6 h and rosiglitazone (Rosi) or the indicated agonists/
antagonist for 24 h (see “Experimental Procedures” for concentration data).
Data are means � S.E. of relative FGF21 mRNA levels. Statistically significant
differences between the effects of NE and vehicle control (C, control) are
denoted by an asterisk (p � 0.05). Significant differences due to the addition
of antagonists to norepinephrine, GW7647, or rosiglitazone are denoted by #
(p � 0.05). Data are means � S.E. of four to five independent experiments
done in duplicate.

Thermogenic Activation of FGF21 Release by Brown Fat

12986 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 15 • APRIL 15, 2011



HIB-1B. In these cells, treatment with dibutyryl cAMP
increased significantly the levels of FGF21 mRNA (see Fig. 6B)
and caused a significant (2.4 � 0.3-fold, p � 0.01) induction of
FGF21 protein release to the medium. These cells were trans-
fected with a luciferase reporter construct driven by a 1497-bp
fragment of the 5�-noncoding region of the FGF21 gene pro-
moter. Treatment with dibutyryl cAMP caused a significant
increase in FGF21 promoter activity, as did co-transfection
with an expression plasmid for a constitutively active form of
PKA (Fig. 4). Considering the important role of p38 MAPK in
PKA-dependent gene expression in brown adipocytes (27), we
co-transfected cells with a constitutively active form of MKK6
(MKK6-Glu), the upstream inducer of p38 MAPK (23), and we
observed a significant induction of the FGF21 promoter activity
(Fig. 4). Moreover, co-transfection with a dominant-negative
form of MKK6, MKK6-K82A, completely blocked the capacity
of cAMP or PKA to activate the FGF21 gene promoter (Fig. 4).
From these results, we conclude that the p38MAPK pathway is
essential for the PKA-mediated activation of FGF21 gene
transcription.
Computer-assisted analysis of the 5�-noncoding region of the

FGF21 gene (MathInspector) led to the identification of a prox-
imal site (�72/�65) with a sequence similar to CRE (Fig. 5A).
In HIB-1B cells transfected with a version of the FGF21 gene
promoter construct inwhich this sequencewasmutated, cAMP
and PKA failed to induce an increase in FGF21 promoter activ-
ity (Fig. 5B). Parallel experiments were performed in which a
PPAR� or PPAR� expression vector was co-transfected with
the wild-type or CRE-mutated versions of the FGF21 pro-
moter construct. In the presence of their ligands, both
PPAR� and PPAR� stimulated the activity of the wild-type
and CRE-mutated promoter constructs to a similar extent
(Fig. 5C).
The binding of ATF2, a transcription factor known to act via

CREs tomediate the response of gene transcription to cAMP in
brown adipocytes (27), was analyzed using chromatin immuno-
precipitation assays. In primary cultures of brown adipocytes

as well as in BAT, chromatin immunoprecipitation revealed
strong binding of ATF2 to the FGF21 gene promoter region
(Fig. 6A, left). Exposure of brown adipocytes to cAMP caused
an increase in the extent of ATF2 binding to the FGF21
promoter (Fig. 6A, left). CREB, another potential mediator
of cAMP-dependent transcriptional regulation in BAT,
showed negligible binding to the FGF21 endogenous gene
promoter. In HIB-1B cells, chromatin immunoprecipitation
of a transfected FGF21 promoter construct revealed specific
enrichment in the ATF2 binding to the promoter. This bind-
ing was reduced significantly in cells transfected with the
cAMP-insensitive mutated version of the FGF21 promoter
(Fig. 6A, right). Finally, to establish the role of ATF2 in the
regulation of the FGF21 gene expression, ATF2 expression

FIGURE 4. Transcriptional regulation of the FGF21 gene promoter by
cAMP-mediated signaling. Relative luciferase activity of the FGF21 pro-
moter construct (�1497-FGF21-Luc) in HIB-1B cells following treatment with
dibutyryl cAMP (cAMP), co-transfection of the constitutively active forms of
PKA or MKK6 (MKK6-Glu), or co-transfection of the dominant-negative form
of MKK6 (K82A). Data are means � S.E. of at least five to six independent
experiments done in triplicate. Statistically significant differences between
the presence or absence of cAMP, PKA, or MKK6-Glu are denoted by an aster-
isk (p � 0.05), and those due to the effect of the dominant-negative MKK6-
K82A are denoted by # (p � 0.05).

FIGURE 5. Identification of a CRE in the FGF21 gene promoter. A, sequence
of the CRE region and mutated sequence (asterisks) in the CRE-mut construct.
B and C, HIB-1B cells were transfected with a wild-type FGF21 promoter con-
struct (�1497-FGF21-Luc) or the CRE-mutated version (�1497-CRE mut
FGF21-Luc), and relative luciferase activity was measured. B, effects of treat-
ment with 1 mM dibutyryl cAMP (cAMP) or co-transfection of the constitu-
tively active forms of PKA. C, effects of co-transfected PPAR� expression vec-
tor plus rosiglitazone (Rosi) and of co-transfected PPAR� expression vector
plus GW7647. Data are means � S.E. of five to six independent experiments,
each performed in triplicate. Statistically significant differences between pro-
moter activity in the presence or absence of cAMP, PKA, PPAR�, or PPAR� for
each construct are denoted by an asterisk (p � 0.05), and those between the
wild-type and the CRE-mutated construct for each condition are denoted by
# (p � 0.05). NS indicates nonsignificant differences between the bars indi-
cated by brackets.
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was lowered using siRNA-mediated interference in brown
adipocytes. It resulted in a remaining expression of ATF2
after interference of 32% of control values and led to a strong

impairment in the extent of FGF21 mRNA induction by
cAMP (Fig. 6B).
In Vivo Assessment of FGF21 Production by BAT Using Arte-

riovenous Differences in Plasma FGF21 Levels across Interscap-
ular BAT—To assess the physiological consequences of FGF21
gene induction by thermogenic activation of BAT, we deter-
mined arteriovenous differences in FGF21 plasma levels across
interscapular BAT from rats under distinct cold-exposure con-
ditions. In rats maintained at a thermoneutral temperature
(controls), arteriovenous differences in FGF21 plasma levels
across interscapular BAT were not significantly different from
zero (Fig. 7A). In contrast, both acute cold exposure (24 h) and
long term acclimation to cold for 30 days led to significant neg-
ative values for arteriovenous differences in FGF21 concentra-
tion, indicating significant FGF21 output from interscapular
BAT.

FIGURE 6. ATF2 mediates cAMP-dependent induction of FGF21 gene
transcription. A, chromatin immunoprecipitation of the proximal CRE-
containing region of the FGF21 gene using the indicated antibodies. Top,
representative example of PCR amplification. Bottom, quantification of
relative enrichment in brown adipocyte primary cultures and BAT by the
indicated antibodies (left) and quantitative assessment of the relative
enrichment of the proximal FGF21 promoter region after chromatin
immunoprecipitation of HIB-1B cells transfected with the wild-type or the
CRE-mutated versions of the FGF21 promoter-luciferase reporter con-
structs (right). Data are means � S.E. of three independent experiments.
Statistical significant differences is denoted by an asterisk (p � 0.05), and
those between the presence or absence of cAMP (left) or between the
wild-type and the CRE-mutated construct (right) are denoted by # (p �
0.05). B, FGF21 mRNA expression in response to dibutyryl cAMP (cAMP) in
brown adipocytes previously treated with siRNA for ATF2, scrambled
siRNA, or without treatment (control). Data are means � S.E. of three
independent experiments performed in duplicate. Statistically significant
differences between presence or absence of cAMP are denoted by an
asterisk (p � 0.05), and those between control and ATF2 siRNA cells are
denoted by # (p � 0.05).

FIGURE 7. In vivo assessment of FGF21 production by BAT using determi-
nation of arteriovenous differences in plasma FGF21 concentrations
across interscapular BAT, and FGF21 half-life. Effects of distinct themo-
genic activation conditions. A, arteriovenous differences in FGF21 across
interscapular BAT. Arteriovenous differences that are statistically different
from zero are denoted by an asterisk (p � 0.05). Statistically significant differ-
ences between control and cold-exposed groups are denoted by # (p � 0.05)
and # # (p � 0.01). B, total FGF21 production by interscapular BAT. Statistically
significant differences respect to controls are shown as *, p � 0.05 and **, p �
0.05. C, correlation of arteriovenous FGF21 concentration differences and
FGF21 mRNA levels in interscapular BAT in rats under the distinct environ-
ment temperature conditions shown in A. D, effects of environment condi-
tions on FGF21 half-life. Statistically significant differences respect to controls
are shown as *, p � 0.05 and **, p � 0.05. Results are means � S.E. of 9 –12
rats/group in A–C and 4 rats/group in D.
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In this experimental setting, blood flow across interscapular
BAT was 0.11 � 0.04 ml/min in control rats maintained at a
thermoneutral temperature, 0.29 � 0.01 ml/min in rats
exposed to 4 °C for 24 h, and 0.77ml/min� 0.13ml/min in rats
kept at 4 °C for 30 days. The blood flow rate was significantly
higher in acute cold-exposed and long term cold-acclimated
rats (p 	 0.005 and p 	 0.003, respectively) compared with
control rats at a thermoneutral temperature. Using blood flow
data to calculate total FGF21 production, we found that FGF21
output by interscapular BAT was significant in 24 h cold-ex-
posed rats and even stronger in rats that had been acclimated to
a cold environment for 30 days; in this latter group, FGF21
output by interscapular BAT reached 0.7 ng/min (Fig. 7B). As in
mice, FGF21 mRNA were induced strongly in the BAT of rats
after acute (24 h) cold exposure and chronic acclimation to cold
(30 days). Fig. 7C shows the significant correlation between the
extent of FGF21 output and FGF21 mRNA expression levels in
BAT in the overall population of rats under distinct thermo-
genic activation conditions (controls, acute cold exposure, and
long term cold acclimation). FGF21 half-life was assessed in
thermoneutral and thermogenic activated conditions. Mouse
FGF21 half-life in thermoneutral conditions was somewhat
higher than human FGF21 half-life determined in rodents kept
at room temperature (28). Both acute and chronic cold expo-
sure caused a marked reduction in FGF21 half-life (Fig. 7D).

DISCUSSION

The present study identifies brown adipose tissue as a site of
systemic FGF21 production after thermogenic activation. We
observed that cold exposure causes a rise in plasma FGF21 lev-
els, a dramatic induction of FGF21 gene expression in BAT and
amarked release of FGF21 by BAT in vivo. This occurs through
noradrenergic control of FGF21 gene transcription, a novel reg-
ulatory pathway of regulation ofFGF21 gene expression (Fig. 8).

Norepinephrine, via �-adrenergic receptors, induces the
transcription of the FGF21 gene via a cAMP-dependent, PKA-

and p38 MAPK-mediated mechanism that involves an ATF2
binding site in the proximal region of the FGF21 gene pro-
moter. This noradrenergic, cAMP-mediated pathway, for con-
trolling FGF21 gene expression does not require PPARs,
although PPAR�- and PPAR�-dependent regulation of the
FGF21 gene remains intact in BAT. The involvement of PKA
and subsequent activation of p38 MAPK in the noradrenergic
regulation of FGF21 gene transcription, and the role of ATF2 as
a major mediator, are similar to previously established path-
ways for the noradrenergic regulation of thermogenic genes
(i.e. UCP1) in brown adipocytes (27).
An important finding is that thermogenic activation not only

induces FGF21 gene expression in BAT and FGF21 release by
brown adipocytes in vitro, but it also leads to an increase in
plasma FGF21 levels and a dramatic increase in the level of
FGF21 release by BAT in vivo, as demonstrated by arterio-
venous difference experiments.WhereasWAT is recognized as
a site of release of multiple regulatory proteins (e.g. adipokines
and cytokines), BAT is often thought to play aminor endocrine
role, as exemplified by its low expression and release of leptin
and adiponectin (25). A notable exception is triiodothyronine,
which is released into the circulation by BAT, but not byWAT,
under conditions of thermogenic stimulus through activation
of the BAT-specific type II 5�-deiodinase (18, 29). Our present
findings identify BAT as an active site of release of FGF21 under
thermogenic activation conditions. The reduction in FGF21
half-life in rats in conditions of cold stress highlights the rele-
vance of BAT as a site of enhanced FGF21 production, espe-
cially when considering the strong down-regulation of FGF21
expression in liver in conditions of long term cold exposure.
Cold exposure improves glucose tolerance and stimulates

glucose uptake in peripheral tissues, primarily by increasing
glucose oxidation via insulin-independent pathways (30).
Moreover, cold exposure causes increased lipolysis in WAT
and enhanced lipid uptake and ketogenesis in the liver (31).
These metabolic processes are known targets of FGF21 action
(1, 8, 10). Recently, FGF21 has been reported to act directly in
brain and to increase by this means hepatic insulin sensitivity
and energy expenditure in obese rats (32). It is tempting to
propose that the high levels of FGF21 released by BAT under
conditions of thermogenic activation act upon target peripheral
tissues and/or brain to ensure increased glucose uptake and
appropriate mobilization of metabolic substrates to fulfill the
increased energy requirements in a cold environment. Further
research will be necessary to demonstrate this hypothesis.
The extent of BAT activity usually is associated with a

healthy metabolic profile in rodent models and correlates neg-
atively with obesity and insulin resistance (33). The intrinsic
energy expenditure processes that occur in thermogenically
active BAT usually are claimed to account for this effect, but a
regulatory role for active BAT as a source of the anti-diabetic
FGF21 protein cannot be excluded. This may be especially rel-
evant if present studies in rodents are confirmed in adult
humans, in which the small amounts of active BATmay hardly
account for a large fraction of the overall energy expenditure
(17). If the limited amounts of existing BAT in adult humans
have an endocrine-like, FGF21-producing role, even moderate
amounts of active BAT could affect overall metabolic regula-

FIGURE 8. Schematic representation of the role of BAT as a source of
FGF21 after thermogenic activation and potential endocrine and auto-
crine effects. The schema summarizes present findings and previous data
from Refs. 12 and 27.
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tion through the systemic release and systemic glucose utiliza-
tion-promoting action of FGF21.
On the other hand, an autocrine effect of the FGF21 released

by BAT after thermogenic activation is also likely, similarly to
what is known to occur in the liver in other physiological situ-
ations. FGF21 induces glucose uptake and oxidation as well as
thermogenic activation in brown adipocytes (12). It is likely
that, when brown fat thermogenesis is activated and FGF21
release is increased, the autocrine action of FGF21 contributes
to increase the thermogenic activity of BAT. In the neonatal
period,whenBAT thermogenesis is activated strongly andBAT
is responsive to FGF21 of hepatic origin (12), FGF21 expression
also is strongly activated in BAT3 consistent with the notion
that autocrine action supports the enhancement of BAT
thermogenesis.
In summary, we report for the first time that BAT is an active

site of FGF21 production and that this process is enhanced in
response to the thermogenic stimuli through noradrenergic
induction of FGF21 gene transcription. Collectively, the pres-
ent findings lead to the proposal of a novel endocrine role of
BAT, as a source of the hormone factor FGF21.
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